Radio wave propagation can be characterized by two major sets: empirical and deterministic models. Empirical models rely on the received signals' statistics and thus offer lower precision. Deterministic models have certain physical bases and therefore necessitate a massive amount of geometrical data. For instance, the ray-based technique represents a suitable facility for reliable estimations in indoor schemes. Ultra-wideband (UWB) technology allows transmitting signals over a huge bandwidth, typically in the order of 500 MHz to several GHz enabling the design of communication systems with very high data rates. Massive multiple-input multiple-output (MIMO) is a new technique, utilizing a large number of base station antennas, advancing large system capacities in multiuser schemes, where multiple users are simultaneously served in the same time-frequency resources. We develop a ray-based procedure to investigate the behavior of the downlink UWB massive MIMO channel including the antennas transfer functions under various typical propagation situations. We estimate the magnitude and the phase of the voltage induced at each receiving antenna as a function of frequency (through the reciprocity theorem). We compare the singular value spread (SVS) cumulative distribution function (CDF) of each situation while varying the number of base station antennas. As the number of base station antennas or the inter-user separation increase, both the SVS and the sum-rate improve, the channel becomes more favorable, where better spatial separation is provided, and the disparity of the power values allocated for the users' channels reduces (through waterfilling). The attained monotonic sum-rates were verified with the interference-free sum-rate.
I. INTRODUCTION
Empirical models are used to model radio wave propagation through measurements and statistics. They are fast and easier to build but are less sensitive to the environmental geometry and hence cause relatively inferior precision [1] , [2] . Conversely, deterministic models rely on physical laws and hence require the availability of a huge amount of data regarding geometry and locations of buildings. Based on geometrical optics (GO) and the uniform theory of diffraction (UTD), the ray-based approach is well suited for the study of radio wave propagation since it speeds up complex calculations, offers simplifications in the physical processes used, and keeps a reasonable precision [3] - [11] . Consequently, the deterministic propagation-prediction models, based on a combination of The associate editor coordinating the review of this manuscript and approving it for publication was Yi Fang .
GO and the UTD, provide high accuracy but require relatively higher computational intensity.
Ultra-wideband (UWB) is a novel technology offering high-speed data transmissions and thus enhances the performance of the existing personal area networks (PANs). UWB signals were primarily defined by a relative bandwidth of 25% or more [12] , [13] . In 2002, the American regulation authority, the Federal Communication Commission (FCC), extended this definition to include signals with a relative bandwidth, with upper and lower cut-off frequencies, defined at -10 dB, higher than 20% or with a bandwidth greater than 500 MHz [14] - [16] . Initially developed in the field of radar localization, UWB technology is now seen as a promising candidate for future wireless transmission systems. There are many attractive features of UWB over narrowband systems. For instance, UWB systems provide lower jamming sensitivity (the interference caused by narrowband systems on UWB systems is minimized by the large bandwidth covered by the UWB signals), green communication environment (the interference that UWB systems may influence other systems is reduced due to the small value of its power spectral density, -41.3 dBm/MHz, which also allows for a high processing gain as well as higher system security), high temporal resolution (due to the extremely large bandwidth), and robustness against multi-path propagation fading (multi-path components can be added in a constructive way). These characteristics are unique to UWB technology and enable the design of communication systems offering very high data rates, up to several hundred Mbps.
Concerning the performance of UWB systems regarding coherent and non-coherent modulation schemes, there is a tradeoff between waveform estimation complexity and system performance. On the one hand, coherent receivers are optimal since they use the channel state information (CSI) typically obtained through some sort of channel estimation techniques before symbol detection. The authors in [17] proposed a trellis coded modulation (TCM) for coherent impulse-radio (IR) UWB for IEEE 802.15.4a physical layer that is able to reduce the consumed energy per bit in the receiver two times as compared with the IEEE 802.15.4a IR UWB communication scheme at the price of about 2 dB loss of performance. The TCM scheme can be realized by slight changes in the IEEE 802.15.4a physical layer. On the other hand, non-coherent receivers do not estimate the channel and thus can be regarded as low-cost and low-power alternatives to the more complex and computationally-demanding coherent receivers. Since currently deployed coherent receivers require complex channel estimation schemes, especially when the sampling rate reaches the gigahertz level, noncoherent-detection-based UWB schemes have received more interest. For instance, the authors in [18] proposed an adaptive multi-resolution M-ary differential chaos shift keying (MR-M-DCSK) modulation by using a novel constellation parameter scheme to maximize the spectral efficiency by means of selecting the constellation parameter according to the signal-to-noise ratio (SNR) and then applying a new search procedure to maximize the spectral efficiency. Furthermore, an enhanced energy-based detector (EED) for the frequency-modulated (FM) DCSK UWB schemes, to confront the narrowband interference problem, was proposed in [19] . Compared with the classical energy detector (ED), the EED approach improves the ability to suppress narrowband interference with low-complexity architecture and low-power consumption. In addition, the authors in [20] offered a code-indexed-modulation multi-carrier (CIM-MC) M-DCSK configuration where the reference signals (encoded by a Walsh code to transport extra information bits) and the information-bearing signals are sent over orthogonal carriers at the same time.
It is noted that the potential applications of UWB radio technology are mainly related to two schemes: high data rate for short range systems (typically 200 Mbps up to 10 m) and low data rate for long range systems (typically 200 kbps at 100 m) [13] , [14] . Concerning the propagating wave characterization, the ray tracing scheme jointly utilizes GO and the UTD to assess the electromagnetic fields of all rays through complex vector analysis [4] , [8] , [10] , [13] .
Massive multiple-input multiple-output (MIMO) is a smart technique offering huge network capacities in multiuser schemes in which a base station, having an enormous number of antennas, tens to hundreds, simultaneously serves multiple users, in the same time-frequency resources, resulting in higher spectral and transmitted energy efficiency as well as inter-cell interference reduction (through pilot decontamination). Massive MIMO can also offer better link reliability by reducing the intra-cell interference due to its focus of the transmitted power to the intended users [21] - [26] . In addition, as the number of base station antennas grows up, channel vectors between the antennas of the base station and those of its served users tend to be orthogonal as they become very long random vectors (favorable propagation). Practically, favorable propagation can be attained in richscattering settings where the inner products of the channel vectors, normalized by the number of base station antennas, tend to zero as more base station antennas are added. For instance, there is a performance gap between the respective uplink/downlink capacity-achieving successive interference cancellation (SIC)/dirty-paper coding (DPC) and the zero-forcing (ZF) decoding/precoding schemes. This gap rapidly shrinks as the number of base station antennas increases. The same performance as with SIC/DPC can be achieved by using ZF processing with a few extra antennas, which is a rational price paid for the computational complexity reduction of ZF [27] . It is also demonstrated in [28] that each single-antenna user of a massive MIMO system can scale down its transmitted power in proportion to the number of base station antennas with perfect CSI at the transmitter side or to the square root of the number of base station antennas with imperfect CSI to attain the same performance of an analogous user in a single-input single-output (SISO) system. Moreover, it has been shown in [27] that massive MIMO systems do not need high-precision hardware in the sense that receiver processing suppresses additive distortions. Another significant feature of massive MIMO systems is their robustness where very high spectral efficiencies can be attained by sending data with low-order modulations to a plenty of users (unlike existing systems which necessitate high-precision technology to provide high-order modulations intended for a few users).
Due to the steady growth of data volume in wireless communications, research focuses on new paradigms for achieving power-efficient as well as bandwidth-efficient radio systems supporting high peak data rates. The authors in [29] performed UWB MIMO channel measurements to demonstrate that the time of arrival of direct waves from various antennas at the transmitter relies on the MIMO arrangement where they offered a technique to enhance the performance by advancing a timing control for transmission and reception. The correlation and bit error rate level analysis showed that the optimum timing control maximized the transmission performance and reduced the correlation. Also, the authors in [30] used the characteristic modes theory to show that the surface current can be decomposed into orthogonal eigenmodes which act as multiple antennas that are integrated (through selective excitation).
This paper deterministically characterizes the downlink UWB massive MIMO channel including the transmitting and the receiving antennas and develops simulation to determine its performance in a characteristic indoor industrial environment, corresponding to the CM 7 and CM 8 identified statistically as proposed by the IEEE 802. 15 .4a work group demonstrated in [14] , through the ray tracing technique. The evaluation of the electromagnetic fields is performed ray by ray so that each ray is affected by the antenna transfer function corresponding to its direction of arrival (DoA) at the receiving antenna and direction of departure (DoD) from the transmitting antenna [31] . The separate usage of each ray is proposed by Fathy et al. [13] and Pagani et al. [14] . While considering single-antenna users, we investigate the UWB massive MIMO channel behavior under three representative propagation settings in which the users are located: 1) close to each other with line-of-sight (LOS) to the base station, 2) at intermediate distances from each other with non-line-of-sight (NLOS) to the base station, and 3) distant from each other with LOS to the base station. We compare the singular value spread (SVS) of each of the above situations through their cumulative distribution functions (CDFs) and allow the number of base station antennas to change. We also compare the above situations by evaluating the sum-rate capacity vs. the number of base station antennas in the narrowband massive MIMO downlink channel, based on DPC [32] . In addition, our model used the reciprocity theorem to consider the transmission channel by using the antennas transfer functions to evaluate the magnitude and the phase of the voltage induced at the receiving antennas terminals for a given input excitation. Through channel matrix normalization and singular value decomposition (SVD), the obtained results are close to those obtained practically where as the number of base station antennas increases, the SVS decreases and the monotonic sum-rate capacity improves (approaching the asymptotic interference-free sum-rate capacity). The main contributions of this paper include:
• Following the procedure in [14] , we analytically validate the ray-based scheme, for a UWB channel, with the practical results in [13] and estimate the magnitude and the phase of the received voltage as a function of frequency in a given environment using the reciprocity theorem and the antenna transfer function. The number of interactions and the simulation parameters for the used antennas in our paper are the same as those utilized practically in [13] .
• We extend our model to a massive MIMO channel and validate the performance metrics, i.e., the SVS and the sum-rate. . . etc., with the practical results in [21] to well show the favorable aspects of massive MIMO systems. Our setting is a suitable case study for a 100 m ×100 m indoor environment typically found in a harsh RF industrial environment. Our results show that using more antennas at the base station improves the capability of focusing energy to a certain user. Furthermore, through the water-filling algorithm to optimally allocate the total transmitted power over the users' channels to attain maximum mutual information over the massive MIMO channel, which agrees with the power allocated for each user channel while achieving the massive MIMO channel sum-rate capacity through the DPC scheme, the results also show that as the number of base station antennas increases, the disparity of the power values allocated for the users' channels significantly decreases. The paper is organized as follows. Section II gives an overview of UWB massive MIMO channel considering the transmitting and the receiving antennas as well as the channel matrix normalization. Section III demonstrates the performance metrics including the SVS and the sum-rate capacity. We show and discuss our results in section IV. Section V provides the overall conclusions.
Notations: Throughout the paper, we use boldface uppercase symbols, boldface symbols with over-bar, and non-boldface symbols to represent matrices, column vectors, and scalars, respectively. det(·) and tr(·) denote the determinant and the trace of a square matrix, respectively, whereas (·) H denotes the complex conjugate transposition operator. || · || F signifies the Frobenius-norm of a matrix.
II. UWB MASSIVE MIMO CHANNEL MODEL
Normally, propagation models rely on specific systems' effects specified by sequential spikes between which there is no substantial energy arrival. This means that in a UWB system, the environmental variations and the antennas transfer functions significantly influence the magnitude and the phase of the received signal at each frequency. Therefore, the channel behavior changes from a frequency point to another, when regarded in frequency domain. Hence, we cannot consider the propagation features at the center frequency only where the environmental variations and the antennas transfer functions should be monitored along the whole bandwidth [13] , [15] . The effective height magnitude H eff and the effective area A eff of a receiving antenna, at the operating frequency, for a matched load, are related through
where R A,Rx is the antenna resistance and η is the intrinsic impedance of free space. This means that the effective height magnitude and the antenna polarization of a receiving antenna fully quantify its effective height H eff . The reciprocity theorem in [33] , [34] relates the parameter A for a given antenna, operating in transmission mode, to its effective height H eff , when operating in reception mode, through
where ω is the angular frequency of the electromagnetic wave incident/radiated and c is the speed of electromagnetic waves in free space. We start the ray tracing procedure by finding the electric field at a distance r from the transmitting antenna, with voltage V A,Tx , in its far-field zone, which is given in free space by
where Z A,Tx is the transmitting antenna impedance. The receiving antenna voltage, for a source in its far-field zone, is then
where E i = E rad + E n is the total electric field incident at the receiving antenna terminals with E n being the sum of the interfering field and the thermal noise-equivalent incident field. Hence, the antennas are included in our model and are modeled as linear time-invariant systems in transmission and reception [31] , [34] , [35] .
For an array of M transmitting and K receiving antennas, as in Fig. 1 , K ≤ M , the total bandwidth is sampled in frequency domain with a suitable frequency spacing between adjacent spectral components [13] , [14] , [36] . The frequency spacing f should satisfy f ≤ 1 t where t is the channel length in time domain (maximum path delay) [13] . We then consider the raw channel matrix H raw l at each frequency point l , 1≤ l ≤ N , N is the number of frequency points. The users' channels, h raw i,l , 1≤ i ≤ K , K is the number of users, are normalized such that the average energy, over all transmitting antennas and all spectral components, equals unity. The normalized channel vector at the spectral component l and the i th user is
where the complex-valued K×M matrix H raw l is the raw channel matrix at the frequency point l , the complexvalued 1×M matrix h raw i,l is the i th user channel, i.e., the i th row of the matrix H raw l , the complex-valued K×M matrix H l is the normalized channel matrix at the frequency point l , and the complex-valued 1×M matrix h i,l is the i th user normalized channel, i.e., the i th row of the matrix H l .
It is to be highlighted that (3) and (4) apply when each transmit-receive pair separation is large enough for each of them to be positioned in the far-field zone of the other. A receiving antenna is in the far-field of the transmitting one if the transmit-receive separation is larger than the far-field distance r ff of the transmitting antenna which is related to the largest dimension of the transmitting antenna D and to the wavelength λ by r ff = 2D 2 λ . By considering the configuration in Fig. 1 , with the base station antennas being separated by half wavelength, then the far-field distance becomes
where λ 0 is the wavelength at the center frequency and λ min is the minimum wavelength along the swept bandwidth which corresponds to the maximum far-field distance.
III. PERFORMANCE METRICS
We are concerned with the SVS and the sum-rate capacity to evaluate the UWB massive MIMO channel performance. Throughout the rest of the paper, the expression ''channel matrix'' refers to the normalized channel matrix including all transmitting and receiving antennas and ''sum-rate'' refers to the channel capacity normalized by the swept bandwidth.
A. SINGULAR VALUE SPREAD
One way to quantify the users' joint orthogonality is through the channel matrix SVD [21] . We can describe the SVD for the channel matrix H l at the frequency point l through
where the K×M diagonal matrix l contains the singular values of H l , σ i,l , 1≤ i ≤ K , along its main diagonal. The complex-valued matrices U l and V l are K×K and M×M unitary matrices, respectively. The SVS at the frequency point l is
The SVS shows how large the disparity among the most and the least favorable users is. Small value for the SVS indicates stable users' channels, i.e., well-conditioning, whereas large values for the SVS indicates that one or more users may suffer worse SNR than others.
B. SUM-RATE
The SVS measures the capability of massive MIMO to separate users but is not able alone to characterize a UWB massive MIMO system as it only offers an impact of the minimum quality of service (QoS) for users. Another aspect used to quantify such a system is the sum-rate [22] , [28] . Through both parameters, we can describe a given UWB massive MIMO channel. The sum-rate at the frequency point l of the multiuser downlink channel is [21] 
where ρ is the mean interference-free SNR per user. The entry p li along the i th row and column of the K×K matrix P l is the power assigned to the i th user channel, 1≤ i ≤ K . Here, we optimize over P l under the power constraint tr(P l ) = 1.
Ideally, in massive MIMO, as the number of base station antennas increases without bound in favorable propagation circumstances, the channels to different users become interference-free with per-user received SNRs approaching the per-user interference-free SNR [37] . This leads to the asymptotic interference-free sum-rate which is given by
In practice, the average received SNR at each user is smaller than or equal to the interference-free SNR and different values can be obtained depending on the used precoding scheme. Equality between the average per-user received SNR and the interference-free SNR, both for DPC and ZF precoding, is obtained when the users' channels are orthogonal, i.e., when the Gram matrix is diagonal. Fig. 2 shows our model to depict UWB massive MIMO channels. The approach used to evaluate the electric field components is the same as that in [13] , [14] , [31] , [33] - [35] . We used the ray-based method to find the propagation directions through the paths of rays and determine the corresponding coefficients at each interaction [33] , [38] . The computation of the electromagnetic fields is executed ray by ray so that each ray is influenced by the antenna transfer function corresponding to its DoA at the receiving antenna and DoD from the transmitting antenna. Our objective is to compare the SVS of each situation through the corresponding CDF while varying the number of base station antennas and also to estimate, through DPC, the sum-rate vs. the number of base station antennas in the downlink channel for different situations.
IV. SIMULATION RESULTS AND DISCUSSION
Our simulation parameters for the setting shown in Fig. 3 are presented in Table 1 . The base station antennas configuration in our simulation is a uniform linear array of transmitting antennas, for the downlink, separated by half wavelength at the center frequency to avoid coupling. All the transmitting antennas have the same x-coordinate of 20 m and the last antenna in the array has a y-coordinate of 20 m. We set 21 users in total (all located with a fixed x-coordinate of 80 m). We allocated eight users for each of the three characteristic propagation situations, near LOS, NLOS, and far LOS, to compare their channel performance. The users of the first situation (U1-U8) are closely-located, with 2 m Based on our simulation parameters and according to (6) , the far-field distance is about 65.4 m. The smallest distance between each transmit-receive pair is that between the 40 th transmitting antenna at (20 m, 20 m) and U9 at (80 m, 47 m) and is found to be about 65.8 m. Hence, our simulation is performed in the far-field zone. Moreover, the ray paths of all users are resolvable, according to the swept bandwidth which corresponds to a time resolution of about 0.5 ns, since the delay between the most difficult resolvable user signals, U7-U8, which are closely-located with 2 m spacing, is about 5.2 ns. The UWB antennas used in our simulation are omni-directional in the transmit/receive mode and support a frequency range of 3.1-5.3 GHz with a center frequency of 4.3 GHz. We divided the operating bandwidth into 1001 frequency points with a frequency resolution of f = 2.2 MHz to span the channel length in time domain which is about t = 101.8 ns in our setting. The used frequency resolution can span a channel length up to (1/ f ) = 5000/11 ns. Fig. 4 shows the normalized electric field distribution which demonstrates that the field intensity can be focused to a point rather than in a certain direction. Also, increasing the number of base station antennas increases the capability to focus energy to a certain point resulting in less interference among users. With 16 base station antennas, the focusing of the field strength is quite poor with many peaks inside the studied area. Increasing the number of base station antennas to 40 significantly improves the field strength focusing. Fig. 5 shows the power allocation for different users when 16 and 40 antennas are utilized at the base station for closelylocated users with LOS to the base station, users at intermediate distances from each other with NLOS to the base station, and well-separated users with LOS to the base station. Under the given power constraint, the results show that increasing the number of antennas at the base station leads to decreasing the disparity among the allocated power values for each user channel. This can be demonstrated by comparing the power levels for the same characteristic situation when the number of base station antennas changes as in Fig. 5a and Fig. 5b for closely-located users with LOS to the base station, Fig. 5c and Fig. 5d for users at intermediate distances from each other with NLOS to the base station, and Fig. 5e and Fig. 5f for well-separated users with LOS to the base station. Also, for more favorable propagation conditions, the power distribution among users' channels is better and approaches an equal distribution. This is verified by comparing different propagation situations with the same number of base station antennas as in Fig. 5a, Fig. 5c, and Fig. 5e for 16 base station antennas and Fig. 5b, Fig. 5d, and Fig. 5f for 40 base station antennas. As seen in Fig. 6 , the SVS values for closely-located users with LOS to the base station are larger than those for users with NLOS to the base station and well-separated users with LOS to the base station. Concerning the materials used and for the sake of comparison, we selected two different materials, drywall and glass, as the boundaries of our environment. For drywall boundaries, when the number of base station antennas increases from 8 to 16 and 40, the values of the median of the SVS decrease from 59 to 45 and 35 dB, 42 to 28.5 and 14 dB, and 39 to 22 and 12 dB for closely-located users with LOS to the base station, users with NLOS to the base station, and well-separated users with LOS to the base station, respectively. For glass boundaries, when the number of base station antennas increases from 8 to 16 and 40, the values of the median of the SVS decrease from 60 to 45.5 and 36 dB, 42 to 28.5 and 13 dB, and 39 to 23 and 12 dB for closely-located users with LOS to the base station, users with NLOS to the base station, and well-separated users with LOS to the base station, respectively.
Moreover, from Fig. 7 , we see that as the number of base station antennas increases, the channel matrix condition number significantly decreases and that the channel matrices for well-separated users with LOS to the base station and those with NLOS to the base station have better condition number as compared with the channel matrix for closely-located users with LOS to the base station. In the former situations, NLOS conditions provide more stability and better spatial separation for users, whereas the situation of far users has a remarkable improved sum-rate even for a fewer number of base station antennas as the interference among users is minimized. Besides, Fig. 6 also demonstrates that as the number of base station antennas increases, so does the steepness of the curve of the SVS CDF and the channel becomes more stable and insensitive to frequency variations along the swept bandwidth. Our used simulation parameters of one reflection and two refractions are the same as those in [13] which were verified experimentally and agree to a great extent (the effect of second reflection, third refraction and higher reflections/refractions can be neglected giving reasonable results without considerable loss of accuracy).
In addition, Fig. 8 , while applying the Lagrange's multiplier scheme to solve the sum-rate optimization problem with drywall boundaries, shows that as the number of base station antennas grows, the obtained sum-rate gets larger and closer to the interference-free sum-rate which is about 27.7 bps/Hz according to (11) . For instance, when the number of base station antennas increases from 8 to 40, the values of the obtained sum-rate increase from 12.5 to 19.4 bps/Hz, from 14.3 to 25.3 bps/Hz, and from 15.4 to 25.4 bps/Hz for closely-located users with LOS to the base station, users with NLOS to the base station, and well-separated users with LOS to the base station, respectively. Hence, favorable propagation appears more for conditions with NLOS and well-separated users. These results also show that massive MIMO not only works in rich-scattering environments but also in LOS conditions where the values of the obtained spectral efficiency per user are 2.4, 3.2, and 3.2 bps/Hz at 40 base station antennas for closely-located users with LOS to the base station, users with NLOS to the base station, and well-separated users with LOS to the base station, respectively, which, in each situation, lies in the range 1-4 bps/Hz and thus massive MIMO doesn't rely on asymptotic results [27] .
Concerning the ratio of the number of base station antennas to the number of the served terminals, when the number of base station antennas is 8, i.e., the ratio is 1, the values of the attained spectral efficiency per user are 1.6, 1.8, and 1.9 bps/Hz for closely-located users with LOS to the base station, users with NLOS to the base station, and wellseparated users with LOS to the base station, respectively, which, in each situation, lies in the range 1-4 bps/Hz. Also, for 40 base station antennas, the respective ratios of the achieved sum-rate for closely-located users with LOS to the base station, users with NLOS to the base station, and well-separated users with LOS to the base station to the interference-free sum-rate are 70%, 91%, and 92%. Thus, a considerable percentage of the interference-free sum-rate is harvested in all situations when the ratio of the number of base station antennas to the served users is 5 and hence massive MIMO doesn't require an order of magnitude more base station antennas than users [27] . Through channel matrix normalization and SVD, the obtained results are close to those obtained practically in [21] and agree with those in [22] , [26] - [28] , [37] .
V. CONCLUSION
The UWB channel is described by a frequency-dependent matrix since the radiation angles stimulate the frequencydependent signal behavior. When the antennas are included in the channel matrix, the ray tracing scheme meets the radio propagation analysis and is thus simply and segmentally valid to model various environments. It is more precise to increase the number of frequency points to increase the channel span in time domain.
Particularly, we report on the analytical characterization of UWB massive MIMO radio propagation where we did the ray tracing simulation, for LOS and NLOS, for a typical industrial environment utilizing the reciprocity theorem. This is significant since the experimental validation is generally difficult to achieve in practice. Our results show that in a massive MIMO system as the number of base station antennas grows, the channel matrix becomes well-behaved (more favorable) so that all the spatial modes survive along the swept bandwidth. This means that massive MIMO offers better orthogonality among different users' channels as compared with conventional MIMO. Our results demonstrate that near users with LOS to the base station suffer worse SVS and sum-rate than far users with LOS to the base station and those with NLOS conditions to the base station. The monotonic sum-rate improved significantly through massive MIMO, approaching the asymptotic interference-free sum-rate. The current work can be extended since the very narrow pulses of UWB, allowing for through-wall imaging, the improved inter-user orthogonality, and the higher sum-rate obtained in massive MIMO systems let us integrate them in a wireless sensor network system employed in industry where the base station and the users communicate through a live streaming video with very high-speed data transfers.
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